Herein we aimed to evaluate the utility of N-(2,5-dimethoxybenzyl)-2-18 F-fluoro-N-(2-phenoxyphenyl)acetamide ( 18 F-PBR06) for detecting alterations in translocator protein (TSPO) (18 kDa), a biomarker of microglial activation, in a mouse model of Alzheimer's disease (AD). Methods: Wild-type (wt) and AD mice (i.e., APP L/S ) underwent 18 F-PBR06 PET imaging at predetermined time points between the ages of 5-6 and 15-16 mo. MR images were fused with PET/CT data to quantify 18 F-PBR06 uptake in the hippocampus and cortex. Ex vivo autoradiography and TSPO/CD68 immunostaining were also performed using brain tissue from these mice. Results: PET images showed significantly higher accumulation of 18 F-PBR06 in the cortex and hippocampus of 15-to 16-mo-old APP L/S mice than agematched wts (cortex/muscle: 2.43 ± 0.19 vs. 1.55 ± 0.15, P , 0.005; hippocampus/muscle: 2.41 ± 0.13 vs. 1.55 ± 0.12, P , 0.005). And although no significant difference was found between wt and APP L/S mice aged 9-10 mo or less using PET (P 5 0.64), we were able to visualize and quantify a significant difference in 18 F-PBR06 uptake in these mice using autoradiography (cortex/ striatum: 1.13 ± 0.04 vs. 0.96 ± 0.01, P , 0.05; hippocampus/striatum: 1.266 ± 0.003 vs. 1.096 ± 0.017, P , 0.001). PET results for 15-to 16-mo-old mice correlated well with autoradiography and immunostaining (i.e., increased 18 F-PBR06 uptake in brain regions containing elevated CD68 and TSPO staining in APP L/S mice, compared with wts). Conclusion: 18 F-PBR06 shows great potential as a tool for visualizing TSPO/microglia in the progression and treatment of AD.
The main pathologic hallmarks of Alzheimer's disease (AD) include senile plaques and neurofibrillary tangles, which are composed of toxic b-amyloid peptides and hyperphsophorylated tau aggregates, respectively (1) . Another key feature of AD is microglial activation-a complex cellular process responsible for the proinflammatory milieu known to promote neurotoxicity and neurodegeneration (2) . Microglial activation is also involved in antiinflammatory activity and can stimulate tissue repair (3) . Much research is being conducted to better understand the role and various dynamic stages of microglial activation; however, many questions remain.
Imaging techniques such as MR imaging and PET provide a means to noninvasively visualize different structural, functional or molecular biomarkers in living intact subjects (4) . Such tools could enhance our understanding of the in vivo role of microglial activation in AD and ultimately enable the longitudinal monitoring of disease progression and response to therapies. Structural and functional MR imaging have provided numerous, valuable insights concerning brain atrophy, alterations in perfusion, and various brain networks in AD (5-7). However, because of the limited sensitivity of these techniques for detecting specific molecular alterations in a highly quantitative manner, MR imaging has not historically been the imaging modality of choice for visualizing microglia in AD.
PET imaging, on the other hand, using small-molecule radioligands specific for the translocator protein (TSPO) (18 kDa), has been used extensively to detect microglial activation in both preclinical and clinical studies (8) . The TSPO is mainly located on the outer mitochondrial membrane and is involved in steroid biosynthesis under normal physiologic conditions (9) . Although there are only moderate levels of TSPO in the healthy brain, these levels are increased under neuroinflammatory/degenerative conditions (10, 11) . The predominant cell type expressing TSPO at regions of central nervous system pathology are activated microglia, therefore enabling TSPO PET radioligands to serve as a useful index of microglial activation and neuroinflammation (12) . PET imaging with the TSPO radioligand N-sec-butyl-1-(2-chlorophenyl)-N-11 Cmethyl-3-isoquinolinecarboxamide ( 11 C-PK11195) has been used as a noninvasive sensor of microglial activation in multiple conditions including AD (13) . And although 11 C-PK11195 has provided useful information, its poor brain permeability and high plasma protein binding have limited its sensitivity and overall usefulness (14) . Several improved TSPO tracers have been developed over the past decade (15) , including N-(2,5-dimethoxybenzyl)-2-18 F-fluoro-N-(2-phenoxyphenyl)acetamide ( 18 F-PBR06) (16) . 18 F-PBR06 has a high affinity and specificity for TSPO across multiple species and has been used in human studies for quantitation of brain TSPO (17) . To date, no studies have been published reporting the use of 18 F-PBR06 in AD patients or transgenic mouse models of AD.
The aim of this study was to evaluate the sensitivity and accuracy of 18 F-PBR06 PET for detecting alterations in TSPO levels in an accelerated mouse model of AD-that is, Thy1-hAPP Lond/Swe (APP L/S ) (18)-at different stages of disease. We chose the cortex and hippocampus as areas of interest for these studies because they are the key brain structures containing AD pathology in this mouse model (18) .
MATERIALS AND METHODS

General
If not otherwise stated, chemicals were purchased from commercial sources and used without further purification. PET imaging of mice was performed using a micro-PET/CT scanner (Inveon; Siemens). PET images were reconstructed by performing 2 iterations of a 3-dimensional ordered-subsets expectation maximization algorithm (12 subsets) and then 18 iterations of the accelerated version of 3-dimensional maximum a posteriori, with a matrix size of 128 · 128 · 159. Attenuation correction was applied to a dataset from the CT images. PET images were coregistered with CT and MR images using Inveon Research Workplace image analysis software, version 4.0 (Siemens).
Study Design and Rationale
This study was designed to provide crucial information for planning future therapy-monitoring studies with 18 F-PBR06 in APP L/S mice. Long-term, we plan to evaluate numerous TSPO radiotracers side by side in therapy-monitoring studies to determine which tracer can potentially serve as a clinical endpoint for novel AD therapeutics that alter microglial activation.
Toward this goal, we set out to evaluate whether 18 F-PBR06 could detect differences between APP L/S and wild-type (wt) mice aged 9-10 and 15-16 mo, which would be the age of mice at the end of our planned therapy-monitoring studies. These studies will involve a 3-to 4-mo-long treatment of wt/APP L/S mice aged 5-6 mo (when mature amyloid plaques have formed in the cortex and are starting to form in the hippocampus (18) ) and at 12-13 mo (relatively late stage of disease exhibiting extensive AD pathology). These time points are based on previous published and unpublished work demonstrating the efficacy of LM11A-31 (a novel AD therapeutic that attenuates neuronal degeneration and microglial activation) in APP L/S mice at these ages (19) . We designed the current study with 2 separate cohorts to maximize the amount of PET, autoradiography, and histologic data we could acquire for our 2 primary ages of interest. The supplemental materials (available at http://jnm.snmjournals.org) provide details on the APP L/S mouse model of AD we chose for the current studies.
Small-Animal MR Imaging
Brain MR images were acquired to provide an anatomic reference frame for each mouse so that we could draw accurate regions of interest around the cortex and hippocampus during PET image analysis. Supplemental Figure 1 shows how all regions of interest were drawn. Mice were scanned with a dedicated small-animal 7-T Varian Magnex Scientific MR scanner with custom-designed pulse sequences and radiofrequency coils using standard methods. The supplemental materials provide details.
Small-Animal PET/CT
18 F-PBR06 was synthesized via nucleophilic aliphatic substitution as previously described (16, 20) , with a non-decay-corrected radiochemical yield of 2.17% 6 0.38% and a specific radioactivity of 131.91 6 16.09 GBq/mmol at the end of bombardment (n 5 8).
Mice were anesthetized using isoflurane gas (2.0%-3.0% for induction and 1.5%-2.5% for maintenance). Dynamic scans for 15-to 16-moold wt and APP L/S mice (n 5 4/group) were commenced just before intravenous administration of 18 F-PBR06 (5.5-7.5 MBq) and acquired in list-mode format over 60 min. The resulting data were sorted into 0.5-mm sinogram bins and 19 time frames for image reconstruction (4 · 15, 4 · 60, and 11 · 300 s). Blocking studies involved pretreating 15-to 16-mo-old APP L/S mice (n 5 3) with PK11195 (1 mg/kg; Sigma Aldrich) 10 min before radioligand administration. Static PET scans (10 min) were acquired 40 min after intravenous administration of 18 F-PBR06 (5.5-7.5 MBq). CT images were acquired just before each PET scan to provide an anatomic reference for PET data.
PET images were analyzed by drawing 3-dimensional regions around the whole brain, muscle, cortex, and hippocampus (Supplemental Fig. 1 ). The latter 2 regions were drawn between the bregma 11.94 and 10.02 and bregma 21.22 and 22.30 to ensure consistency between mice. Percentage of injected dose per gram (%ID/g) was calculated for each region of interest. Signal-to-background ratios were calculated by dividing the uptake in each brain region by uptake in a reference region (i.e., muscle or whole brain). Supplemental Figures 2-6 describe how and why reference regions were selected.
Ex Vivo Autoradiography
After final PET/CT scans, mice were perfused, brain tissue was embedded in optimal-cutting-temperature compound (OCT; TissueTek), and coronal sections (20 mm) were obtained for autoradiography. Autoradiography was conducted using previously described methods (21) , and the anatomy of brain sections was confirmed by Nissl staining.
For quantitation of autoradiography, we analyzed 5 sections per mouse in the 9-to 10-mo age group (n 5 3/genotype) and 5 sections per mouse in the 15-to 16-mo age group (n 5 4/genotype). For each section, 1 region was drawn within the somatosensory cortex, striatum, hippocampus, and choroid plexus (between bregma 11.94 and 22.30, corresponding to brain regions used for PET image analysis), resulting in a mean signal intensity value for each brain region within each section. For each mouse, the mean signal intensities for the cortex, hippocampus, and choroid plexus were normalized to the mean signal intensity for the striatum. The striatum contains low TSPO in this mouse model and can therefore be used as an internal reference region to provide a signal-to-background ratio for each region of interest. Supplemental Figure 7 shows evidence of negligible TSPO staining in the striatum of 15-to 16-mo-old wt and APP L/S mice.
Plasma-Free Fraction (f P ) f P studies for 18 F-PBR06 in 15-to 16-mo-old mice (n 5 3 APP L/S ; n 5 4 wt) were performed at room temperature with ultrafiltration units, according to previously described methods (22) .
CD68 and TSPO Staining
Frozen 50-mm coronal brain sections were collected using a Microm HM 450 sliding microtome (Thermo Scientific). Free-floating sections were incubated with either rat anti-CD68 (AbD Serotec; 1:1000) or rabbit anti-TSPO (Epitomics; 1:500). For visualization, sections were immersed in an avidin-biotin complex solution (Vector Laboratories), followed by 0.05% diaminobenzidine (Sigma Aldrich) in Tris-buffered saline with 0.03% H 2 O 2 . CD68 and TSPO staining quantitation methods are given in the supplemental materials.
Statistics
All data are presented as mean 6 SEM. Statistical analyses of data were performed using the Wilcoxon-Mann-Whitney test within GraphPad Prism (version 6.0 d; GraphPad Software Inc.). Significance was set at a P value less than 0.05.
RESULTS
Small-Animal PET
Dynamic 18 F-PBR06 imaging studies were performed with 15-to 16-mo-old APP L/S mice, known to exhibit extensive microglial activation. These studies were conducted to gain an understanding of the uptake, kinetics, and suitability of this tracer for detecting neuroinflammation in this mouse model of AD. Time-activity curves generated from these studies (Fig. 1A) showed significantly higher 18 F-PBR06 accumulation in the cortex and hippocampus of APP L/S mice than wts (cortex: 3.32 6 0.16 %ID/g vs. 2.42 6 0.10 %ID/g, P , 0.005; hippocampus: 3.65 6 0.17 %ID/g vs. 2.54 6 0.12 %ID/g, P , 0.005, at 40-50 min after injection, n 5 4/group). Pretreating these same APP L/S mice with a known TSPO ligand, PK11195 (1 mg/kg), before tracer administration, dramatically reduced 18 F-PBR06 PET signal in the cortex and hippocampus (52% reduction, compared with baseline data summed between 40 and 50 min, P , 0.0001) (Fig. 1B) .
The sensitivity of 18 F-PBR06 for detecting TSPO in APP L/S mice was investigated by conducting PET studies in mice of different ages, exhibiting varying levels of microglial activation. Quantitation of PET images from these studies showed no significant difference in whole-brain signal between APP L/S and wt mice 5-6 and 9-10 mo old (Supplemental Fig. 2 ). However, there was a significant difference between APP L/S and wt mice aged 14-15 mo or older (14-15 mo: 1.51 6 0.08 %ID/g vs. 1.28 6 0.05 %ID/g, P , 0.05, n 5 12/group; 15-16 mo: 1.41 6 0.06 %ID/g vs. 1.06 6 0.10 %ID/g, P , 0.05, n 5 8 APP L/S , n 5 7 wt).
Next we quantified tracer accumulation in our predefined regions of interest (cortex and hippocampus) and found no significant difference in PET signal for 9-to 10-mo-old APP L/S and wt mice (P 5 0.64) (Fig. 2) . There was however, significantly higher 18 F-PBR06 accumulation in the cortex and hippocampus of 15-to 16-mo-old APP L/S mice, demonstrated by %ID/g values (Supplemental Fig. 3 ) and signal-to-background ratios using either muscle (Fig. 2) or whole brain as a reference region (Supplemental Fig. 3 ) (cortex/muscle: 2.43 6 0.19 vs. 1.55 6 0.15, P , 0.005; hippocampus/muscle: 2.41 6 0.13 vs. 1.55 6 0.12, P , 0.005, n 5 8 APP L/S , n 5 7 wt). Table 1 shows there was no significant difference in f P for APP L/S versus wt mice aged 15-16 mo (P 5 0.84).
Ex Vivo Autoradiography
To further investigate the uptake of 18 F-PBR06 in specific brain regions at higher resolution, we performed autoradiography immediately after PET imaging. Unlike PET results, quantitation of autoradiography images from 9-to 10-mo-old mice revealed significant elevation in 18 F-PBR06 uptake in the cortex and hippocampus of APP L/S mice (Fig. 3) (cortex/striatum: 1.13 6 0.04 vs. 0.96 6 0.01, P , 0.05; hippocampus/striatum: 1.266 6 0.003 vs. 1.096 6 0.017, P , 0.001, n 5 3/group). For 15-to 16-mo-old mice, however, autoradiography results (Fig. 4) were comparable to PET findings (Fig. 2) , that is, there was significantly higher 18 F-PBR06 accumulation in the cortex and hippocampus of 15-to 16-mo-old APP L/S than wts (cortex/striatum: 1.32 6 0.04 vs. 1.01 6 0.02, P , 0.005; hippocampus/striatum: 1.36 6 0.06 vs. 1.07 6 0.01, P , 0.005, n 5 4/group). Apart from the expected uptake in the hippocampus/cortex, we also observed intense focal uptake in 1-3 small regions in almost all autoradiography images. Nissl staining of the same sections revealed that this focal uptake aligned with the choroid plexus. Visually, the uptake in the choroid plexus appeared more intense in APP L/S mice than in wts (from both age groups), and thus we decided to quantify this uptake. We found significantly higher 18 F-PBR06 choroid plexus uptake in 15-to 16-mo-old APP L/S mice than wt littermates (Figs. 4B and 4C) (choroid plexus/striatum: 1.99 6 0.05 vs. 1.53 6 0.02, P , 0.005, n 5 4/group) and a trend toward increased uptake in the choroid plexus of 9-to 10-mo-old mice (Figs. 3B and 3C) . Autoradiography results from the PK11195 blocking study (Figs. 4A and 4B) show a marked reduction of 18 F-PBR06 uptake in all brain regions of the 15-to 16-mo-old APP L/S mice.
Immunohistochemistry
To assess whether 18 F-PBR06 PET signal correlated with levels of activated microglia and TSPO, we harvested brain tissue from 9-to 10-mo and 15-to 16-mo-old mice and performed immunohistochemistry (Figs. 5 and 6) . Quantitation of the percentage of cortical to hippocampal area occupied by CD68 staining showed increased levels of activated microglia in APP L/S , compared with wts, for both 9-to 10-mo-old (P , 0.0005, n 5 8/group) and 15-to 16-mo-old mice (P , 0.0005, n 5 8/group). Likewise, the percentage of cortical to hippocampal area occupied by TSPO staining was found to be significantly greater in APP L/S mice than wts for 9-to 10-mo-old (P , 0.0005, n 5 8/group) and 15-to 16-mo-old mice (P , 0.0005, n 5 8/group). Figure 7 and Supplemental Figure 8 show that autoradiography and PET results, for 15-to 16-mo-old mice, correlated well with each other (r 2 5 0.76) and also with immunostaining (i.e., increased 18 F-PBR06 uptake in brain regions containing elevated CD68 and TSPO staining in APP L/S , compared with wts). Specifically, we observed a strong/moderate correlation between PET signal and TSPO levels in the cortex (r 2 5 0.90) and hippocampus (r 2 5 0.73) and also between PET signal and CD68 levels in the cortex (r 2 5 0.91) and hippocampus (r 2 5 0.78). Additionally, we found a strong correlation between CD68 and TSPO staining in both the cortex (r 2 5 0.87) and the hippocampus (r 2 5 0.94) (Supplemental Fig. 9 ).
DISCUSSION
Herein, we assessed the sensitivity and accuracy of 18 F-PBR06 PET for detecting alterations in TSPO levels and microglial activation in a well-characterized, accelerated transgenic mouse model of AD (18) . Our ultimate goal was to determine the potential of this tracer as a tool for investigating the in vivo role of microglia in AD and as a surrogate marker for treatment response in future therapy-monitoring studies.
We found that 18 F-PBR06 PET could detect elevated TSPO and activated microglia in the cortex and hippocampus of 15-to 16-mo-old APP L/S mice, as verified by ex vivo autoradiography and the strong correlation with TSPO/CD68 immunohistochemistry. The specificity of 18 F-PBR06 for TSPO in the APP L/S mouse brain was confirmed by blocking studies with a known TSPO ligand PK11195. Additionally we verified that the increased 18 F-PBR06 uptake in 15-to 16-mo-old APP L/S mice was not due to differences in f P of the tracer between wt and diseased mice (Table 1) . Although we showed elevated CD68/ TSPO staining in 9-to 10-mo-old APP L/S mice compared with wts, we were unable to detect a difference in brain PET signal between APPL/S and wt mice of this age. This inability to detect a difference in 18 F-PBR06 brain uptake in these mice may have been due to the limited spatial resolution of small-animal PET and issues associated with the partial-volume effect when quantifying radiotracer uptake in small regions (e.g., mouse brain structures) (23) . It was not until we used ex vivo autoradiography, a technique with higher spatial resolution than PET, that we could visualize and quantify a significant difference in 18 F-PBR06 cortical/hippocampal uptake in these younger APP L/S mice, compared with age-matched wts. Because of this finding, we plan to perform ex vivo autoradiography for all future mouse studies with 18 F-PBR06 to complement our PET data. Mouse PET and autoradiography data will serve as a proof of principle so we can move into human AD patients as a next step (where resolution will be a lesser issue). Imaging rat models of AD could reduce partial-volume-related issues; however, because these models have not been as useful for AD therapeutic development they are not suitable for our future planned therapymonitoring studies. An unexpected finding from our autoradiography studies was that we could clearly visualize accumulation of 18 F-PBR06 in the choroid plexus and that this uptake was significantly higher in 15-to 16-mo-old APP L/S mice than age-matched littermates. The choroid plexus contains moderate levels of TSPO in healthy human, monkey, and rodent brains (24); however, not much is known about TSPO levels in this structure in disease. Because the choroid plexus is involved in filtering and producing cerebrospinal fluid, and its dysfunction has been linked to amyloid build-up in AD (25), our observation could be an indication of a molecular dysfunction/ alteration in the choroid plexus of this mouse model of AD. Although there have been reports detailing the anatomic and functional changes of the choroid plexus in clinical AD cases (26) , there have been no such reports detailing TSPO alterations in this structure in AD. Recently however, there was a study showing increased choroid plexus uptake of another TSPO PET radioligand, N-(2-methoxybenzyl)-N-(6-phenoxy-3-pyridinyl)acetamide, in temporal lobe epilepsy patients, compared with healthy controls (27) . Changes in TSPO expression in the choroid plexus could therefore play a role in (or serve as a molecular sensor for) different neurologic diseases and thus warrant further investigation.
There have been several PET imaging studies using TSPO radioligands in different mouse models of AD, which have provided useful information about the feasibility of imaging this target in AD mice, and also about which histologic markers correlate with TSPO imaging. For example, Venneti et al. showed that 11 C-PK11195 brain uptake increased with age of their AD mice and that the PET signal moderately correlated with levels of microglia as determined by Iba1 staining (r 2 5 0.59, P 5 0.04) (28) . More recently, Maeda demonstrated a strong relationship between N-benzyl-N-ethyl-2-(7-11 C-methyl-8-oxo-2-phenyl-7,8-dihydro-9H-purin-9-yl)acetamide autoradiography and tau-induced neurodegeneration in PS19 AD mice (overexpressing mutant human tau) (29) . In the latter study, no significant differences were observed between TSPO PET images of 24-mo-old wt and transgenic mice in the cortex or hippocampus until normalized to the striatum, whereas in our current studies with 18 F-PBR06 we observed a significant increase in cortical/hippocampal uptake in 15-to 16-mo-old transgenic mice, compared with wts, before normalization. Additionally, our current studies are the first to show a correlation between TSPO staining, activated microglia (via CD68 staining), and TSPO PET signal in AD mice (Fig. 7) . This type of information is critical to understanding the in vivo accuracy of a PET tracer for its desired target.
Because the studies reported by Venneti and Maeda were conducted in different AD mouse models, it is difficult to draw conclusions about which TSPO tracer is most suitable for imaging neuroinflammation in AD. To better understand how different TSPO tracers compare with each other, we need to conduct 
